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Resume

This paper discusses impact of changes in the load size and distribution in
passenger cars on geometry of the suspension and steering systems. It was found
to have a major impact on the road safety. The research was carried out with the
four most popular suspension system designs used in modern passenger cars,
i.e. multi-link suspension on both front and rear axles, only on the front axle,
only on the rear axle and a simple suspension design for both front and rear
axles. Eight load variants were used for the tests. Changes in the following wheel
geometry parameters were identified: toe-in and camber angles of all the wheels
and castors for the front wheels. The numerical relationships were determined
between the load distribution and sizes and changes in suspension and steering
systems in passenger cars. It was found that cars with multi-link suspension in
both front and rear axles adapt best to changes in weight and load distribution.
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1 Introduction

In modern vehicles, manufacturers have introduced
numerous changes in design, which contributed to an
increase in safety during their operation [1-3]. For modern
cars intended to provide good performance to drivers, it
is necessary to introduce more safety systems and more
advanced structures of suspension and steering systems,
which improve driving quality and greatly reduce the risk
of accidents [4-6]. It is a common belief that the active
safety is related to design of the suspension and steering
systems, which provide the possibility of a quick and
precise response to prevent occurrence of an accident or a
road collision [7-11]. It should be stressed that quite often
such factors are listed as having an impact on the active
safety of a vehicle along with the technical conditions
of the suspension and steering systems and, above all,
their correct mounting and alignment, appropriate traction
properties and optimal load distribution between the axles,
[12-13]. Changes in geometry of the suspension and steering
systems reduce a vehicle’s stability and may cause problems
with controlling the vehicle and maintaining the driving
track assumed by the driver under the influence of varied
disturbances affecting the vehicle [13-15].

During the vehicle operation, various forces and
moments, resulting from traffic conditions, are transferred
to vehicle suspension and steering systems, as well as to its
body. Those are related to interaction of forces and moments
resulting from unavoidable environmental conditions, such

as the condition of the road surface, kerbs, etc. [16]. A car is
a complex system, which is subjected to influence of varied
dynamic forces and environmental conditions with a wide
frequency range [17]. The literature distinguishes two main
types of loads acting on a vehicle: static and dynamic [18-
19]. In the first case, they are related to loading of the car
body with a torsional moment, resulting from application
of forces from the suspension system, from the surface
and the bending moment, resulting from the weight of the
vehicles, driver, passengers and transported load. In the
latter case, however, they are result of conditions related
to the speed and acceleration of the car, as well as the
conditions acting on a vehicle when taking a turn, driving
on bumps, braking and accelerating [18-20].

The structural changes in contemporary suspension
systems are mainly aimed at improving the comfort of the
driver and passengers and at improving the precision of
driving [21-23]. The suspension system of a modern vehicle
largely reduces the forces, reaction forces and vibrations
transmitted to the car body from the road [24-25]. The
issue of changes in the wheel geometry, depending on
the load, was discussed in [26-27]. It was found that in
the suspension systems with a simpler and less complex
design (e.g. McPherson’s column, torsion-beam axle),
parameters affecting stiffness and responsible for control
of a vehicle (e.g. toe-in, castor) are subject to significant
changes depending on the changing load conditions. This
limits precise vehicle control and stability during driving.
The resulting changes in the wheel geometry may also
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Table 1 Characteristics of the research object

model front axle suspension type rear-axle suspension type
Al independent - McPherson independent - multi-link
A2 independent - McPherson independent - multi-link
B3 independent - McPherson semi-dependent - with torsional beam
B4 independent - McPherson semi-dependent - with torsional beam
Ch independent - multi-link semi-dependent - with torsional beam
C6 independent - multi-link semi-dependent - with torsional beam
D7 independent - multi-link independent - multi-link
D8 independent - multi-link independent - multi-link

b)

Figure 1 Autoboss A860: a. control unit with heads; b. measuring head mounted on a wheel

Figure 2 Beissbarth STL7000 diagnostic line

contribute to higher tyre wear [28]. Unfortunately, there are
still no construction solutions to guarantee driving steering
with changes in the load sizes and distribution [21, 23-24,
27].

This study analysed impact of changes in size and
distribution of the load in a passenger car on parameters of
the wheel geometry in vehicles with different suspension
system designs.

2 The test procedure

The study was carried out on passenger cars
characterized by varied structure of the front and the
suspension system of a rear axle. All of the vehicles were
equipped with a rack and pinion steering gear with power
steering. This solution is present in most modern passenger
cars. The tested vehicles had similar weight and external
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Figure 3 Parameters related to wheel geometry: ZPL- toe-in for the left front axle wheel; ZPP - toe-in for the right front axle
wheel; KPL - camber for the left front axle wheel; KPP - camber for the right front axle wheel; WPL - castor for the left front
axle wheel; WPP - castor for the right front axle wheel; ZTL - toe-in for the left back axle wheel; ZTP - toe-in for the right back
axle wheel; KTL - camber for the left back axle wheel; KTP - camber for the right back axle wheel

Wol

Wo3

Wos

WwWoT

Figure 4 Simulated weight and load distributions
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Figure 7 Breakdown in camber changes for the front wheel depending on the suspension type

COMMUNICATIONS 1/2021 VOLUME 23



INFLUENCE OF THE LOAD DISTRIBUTION AND SIZES ON THE WHEEL GEOMETRY IN PASSENGER CARS BS

—B3
1.2

0.8

0.6

0.4

0.2

Changes in left rear wheel camber [°]

C5 —Cé —D7

—D8

0
80 (1) 160 (2) 200 (6) 280 (8) 320(3) 400 (5) 420 (4)
-0.2
0.4
Vehicle load [kg] (load variant)
Figure 8 Dependency of changes in the left rear wheel camber on the weight distribution
L =Al A2 B3 B4 cs -6 —D7 —D8

0.8
5 06
Qo
[
g - -
E
204
H
§
£
w02
c
-
Q
8o
S0 S :
5] 200 (7) 280 (8) 320(3) 400H5)— 420 (4)

0.2

04

Vehicle load [kg] (load variant)

Figure 9 Dependency of changes in the right rear wheel camber on the weight distribution

dimensions. Table 1 presents detailed characteristics of
vehicles.

Measurements of geometry of the suspension and
steering systems were carried out with the Autoboss A860
computer-laser device (Figure 1a) with an accuracy of 1'. It
consisted of a Pc-based control unit with a dedicated piece
of software installed and four heads (Figure 1b). They were
assembled on individual wheels of the vehicle. During the
measurements, the heads communicated wirelessly and
transmitted information to the control unit. The Beissbarth
STL7000 diagnostic line, equipped with the Micro-Swing
6200 module, was used to measure the load and weight
distribution on vehicle axles (Figure 2).

During the preliminary tests, it was verified whether
the vehicles had correct geometry of the suspension and

steering systems. It was found that none of the tested wheel
geometry parameters exceeded the permissible values.

During the basic tests, the wheel geometry parameters
were measured, as shown in Figure 3.

During the basic tests, each vehicle was loaded with
the same weight placed in the same place. Eight load
variants were analysed, as graphically shown in Figure 4.
The vehicles were loaded with specially prepared lead bars,
which were placed on the front seats, back seat and in the
boot.

3 Analysis of the test results

The camber of the left front wheel (Figure 5) and the
right front wheel (Figure 6) changed significantly with
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Figure 11 Dependency of changes in the left front wheel toe-in on the weight distribution

changes in the load sizes and load distribution. On the
left-hand side, this parameter reached top values in most
vehicles for variants with heavy load (320, 400 and 420
kg) and symmetrical weight distribution, as well as with
asymmetrical weight distribution under relatively low load
(200 kg). It was found that in the case of vehicles with
multi-link suspension, greater changes for this angle were
recorded than in vehicles with McPherson columns. They
reached, respectively, +0.58° and +0.4° with the vehicle
loaded with a weight of 400 kg, placed in the passenger

cabin. In the case of the front right wheel, the top values
were already reached for much lower loads with the whole
load being on the left-hand side of a vehicle. Change in the
right front wheel camber during the simulation of some
load variants recorded large positive and negative values
for some of the load variants. For example, when the
vehicle was loaded with 200 kg, the large positive values
of the front right wheel camber were found, reaching up
to +0.48°. That was also the case when the weight was
placed on the driver’s seat and on the back seat on the

COMMUNICATIONS 1/2021

VOLUME 23



INFLUENCE OF THE LOAD DISTRIBUTION AND SIZES ON THE WHEEL GEOMETRY IN PASSENGER CARS B7

-=Al A2

0.35

0.3

-+-C5 ——C6

0.25

0.2

0.

s

5

Changes in right front wheel toe-in [°]

| ~——\ T
PN —
i

80 (1) 160 (2) 200 (6) 200 (7) 230/(8) 320 (3) 400 (5) 420 (4)
-0.05
Vehicle load [kg] (load variant))
Figure 12 Dependency of changes in the right front wheel toe-in on the weight distribution
0.3

B Multi-link suspension

o
N
«

o
[N}

0.15

o
[N

Mean changes in front wheel toe-in [°]

o
o
0

wrrn

B McPherson’s suspension

80 (1) 160 (2) 200 (6)

200(7)

280 (8)

320 (3)

400 (5)

420 (4)

Vehicle load [kg] (load variant)

Figure 13 Breakdown in the toe-in changes for the front wheel depending on the suspension type

left-hand side of a vehicle. However, the negative values,
reaching -0.23°, were observed in cars under the same load
but applied to the driver’s seat and to the back seat on the
right-hand side of a vehicle.

In the case of a camber of both front wheels, larger
changes depending on the load were observed in cars
with multi-link front axle suspension than in cars with the
McPherson column (Figure 7). This is fairly beneficial as
it improves grip when taking turns. A car with a multi-link
suspension better adapts to changing load conditions and
varying weight distribution. Better tyre adhesion to the
road surface is also observed when driving straight ahead
and braking.

In cars with the multi-link rear axle suspension, changes
in load entailed significant changes in the left (Figure 8)

and right (Figure 9) rear wheel cambers. In vehicles with
the relatively simple rear suspension system, consisting
of a torsion beam, those changes were much smaller and
amounted to a maximum of +0.28°. For vehicles with multi-
link suspension, these changes were several times greater
and reached up to +1.07°. In cars with the multi-link rear
axle suspension, changes in camber for both rear wheels
assumed positive values after loading. On the other hand,
in cars with a torsional beam, in most cases, positive values
for the left wheel, but negative values for the right wheel
were observed. This was related to distribution of weight
on specific wheels when loading the vehicle.

In cars with a relatively simple rear axle suspension
based on a torsion beam with higher load sizes and
symmetrical weight distribution, a change in castor for
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both rear wheels (Figure 10) was only observed to a limited
extent, despite significant load (320, 400 and 420 kg).
Unfortunately, this is an unfavourable feature since, for this
reason, the vehicle may drive much worse when loaded.
It may lead to wheels not having adequate grip, especially
when driving on a curvilinear track.

In each of the tested cars, toe-in for both front wheels
changed together with changes in load size and distribution.
Much smaller changes occurred in cars with the multi-
link front axle suspension. For example, changes of the
toe-in of the left front wheel (Figure 11) did not exceed
+0.08°. On the other hand, in cars with the McPherson-type
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suspension, greater changes were observed, reaching even
+0.28° when loaded with 400 kg placed in the passenger
space. In cars with the multi-link suspension, changes in
the toe-in took both positive and negative values depending
on the load, which is due to the specific design of this type
of suspension and better adaptation to changes in load,
which positively affects driving. Similar values of changes
were obtained for the front right wheel toe-in (Figure 12).
Values of this parameter increased with practically every
simulated load variant in the all cars. In addition, in the case
of this parameter, smaller changes in the toe-in after loading
occurred in cars with the multi-link suspension, with a
maximum of +0.1°. In turn, in cars with the McPherson-type
suspension, these changes were almost three times greater
(+0.29°).

The toe-in determines stability of a vehicle when
driving on a straight track, precision of the response when
driving on a curvilinear track and e degree of the tyre
wear and fuel consumption. Changes in this parameter
are strictly dependent on the vehicle load. In cars with the
multi-link suspension, changes in the toe-in of the front axle
wheels (Figure 13) were less dependent on the size and
distribution of the load during the driving.

For the rear axle toe-in, it is also advantageous that
changes in this parameter were as small as possible
(depending on the load). For the left rear wheel (Figure
14), relatively small variations in the toe-in were observed
depending on the load size and distribution in cars with
the multi-link rear axle suspension. These changes did not
exceed -0.04°. Much larger changes occurred in vehicles
with the torsion beam suspension in the rear axle. In this
case, changes were several times greater and reached
-0.14°. Particularly large changes occurred after loading
the rear part of a vehicle. This was the load variant no 4,
where a weight of 320 kg was distributed symmetrically in
the passenger cabin and a weight of 100 kg was additionally

placed in the boot and variant no 8 in which, in addition to
the driver’s own weight, the car was also loaded with a 200
kg load placed in the boot. In the simulated load variants,
changes in the rear right wheel toe-in (Figure 15) were also
much smaller in cars with the multi-link suspension. They
did not exceed -0.04°. In cars with the rear axle suspension,
based on a torsion beam, particularly large changes in the
toe-in were found after loading the vehicle (400 and 420 kg).
In this case, the toe-in changes of the rear right wheel were
up to four times greater and reached -0.16°.

Similarly, as with the toe-in for the front axle, the
rear axle toe-in directly relates to stability of a vehicle
when driving on a straight track, as well as to the reaction
precision when driving on a curved track. Changes in this
parameter are strictly dependent on the vehicle load. In
cars with the multi-link suspension, changes in the toe-in
of the rear axle wheels after load change (Figure 16) were
much smaller, which translates into a smaller impact of the
load size and distribution on the vehicle control with this
suspension system design.

Analysis of changes in the front left wheel castor
(Figure 17) and front right wheel castor (Figure 18) shows
that this parameter did not change at all, or changed in a
relatively small range (up to -0.22°), in cars with the multi-
link front axle suspension. On the other hand, in cars with
the McPherson-type suspension, the changes depending
on the load were much greater and reached even -0.74°. In
some cases, change in castor was positive for both wheels,
while in other cases it was negative.

A lack of changes (or minor changes) in castor for
both wheels of the front axle (Figure 19), in cars with the
multiple-link suspension, together with change in the load
distribution and size, are both of a great importance for the
vehicle safety. Value of this angle influences the stability of
the steering system and contributes to the automatic wheel
positioning when driving on a straight track. For the large
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changes in castor with varied load variants, changes in the
vehicle stability may affect maintaining the correct driving
direction.

4 Summary

The suspension systems of many modern passenger
cars differ significantly in the type of suspension used for
the front and rear axles. Many vehicles still have a relatively
simple suspension system of the front axle, based on the
McPherson’s column and a simple suspension system of the
rear axle, based on a torsion beam. When driving cars with
such structural solutions, the conditions change depending
on the transported load. Type of the suspension system
has a significant impact on changes in the wheel geometry
parameters.

This study has shown that in all the tested passenger
cars, the change in the value and location of the load
was accompanied by a change in the wheel geometry
parameters. These included toe-in and camber for all the
wheels and castor for the front axle wheels. For operation
of ae vehicle, it is advantageous when a change in the load
size and distribution is accompanied by a greater change
in camber. Changes in angle and adjustments to the load
are very beneficial as they improve the road adhesion
when taking turns. Among the vehicles tested, much larger
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